Schwimmer H, Stauss HM, Abboud F, Nishino S, Mignot E, Zeitzer JM. Effects of sleep on the cardiovascular and thermoregulatory systems: a possible role for hypocretins. J Appl Physiol 109: 1053-1063, 2010. First published August 12, 2010 doi:10.1152/japplphysiol.00516.2010.-Sleep influences the cardiovascular, endocrine, and thermoregulatory systems. Each of these systems may be affected by the activity of hypocretin (orexin)-producing neurons, which are involved in the etiology of narcolepsy. We examined sleep in male rats, either hypocretin neuron-ablated orexin/ataxin-3 transgenic (narcoleptic) rats or their wild-type littermates. We simultaneously monitored electroencephalographic and electromyographic activity, core body temperature, tail temperature, blood pressure, electrocardiographic activity, and locomotion. We analyzed the daily patterns of these variables, parsing sleep and circadian components and changes between states of sleep. We also analyzed the baroreceptor reflex. Our results show that while core temperature and heart rate are affected by both sleep and time of day, blood pressure is mostly affected by sleep. As expected, we found that both blood pressure and heart rate were acutely affected by sleep state transitions in both genotypes. Interestingly, hypocretin neuron-ablated rats have significantly lower systolic and diastolic blood pressure during all sleep stages (non-rapid eye movement, rapid eye movement) and while awake (quiet, active). Thus, while hypocretins are critical for the normal temporal structure of sleep and wakefulness, they also appear to be important in regulating baseline blood pressure and possibly in modulating the effects of sleep on blood pressure.
SLEEP is involved in the regulation of peripheral organ function, such as endocrine and cardiovascular function, as specific changes in peripheral organ systems occur during both rapid eye movement (REM) and non-REM (NREM) sleep. One well described sleep-associated cardiovascular change is the decrease in blood pressure that occurs during sleep in a variety of species, a phenomenon generally referred to as "dipping" (2, 9, 50, 53) . The sleep-related decrease in blood pressure occurs in addition to the blood pressure changes induced by the circadian clock and changes in body posture that typically accompany sleeping behaviors (10, 53) . A loss of the normal reduction in blood pressure during sleep ("non-dipping" status, defined as a Ͻ10% drop in blood pressure during sleep) is a predictive measure for increased cardiovascular morbidity (40) . Dipping is thought to be influenced by a change in the activity of the autonomic nervous system as nondippers have an increase in sympathetic tone at sleep onset as opposed to the normal reduction in sympathetic and increase in parasympathetic tone that typically occurs during sleep (24, 60) .
Sleep state transitions are also accompanied by changes in the cardiovascular system. For example, when going from NREM sleep to REM sleep, blood pressure and heart rate increase and become less stable (12, 21, 22, 28, 29, 37, (45) (46) (47) (48) . These cardiovascular changes that occur during NREM to REM transitions may, in part, underlie the observation of increased prevalence of heart attacks in the early morning hours (36) , a time at which transitions to REM sleep are more frequent.
Another physiological function under the control of the autonomic nervous system that is affected by sleep stages is thermoregulation. The relationship between thermoregulation and sleep is reciprocal. Core temperature is lower during sleep, or when sleep propensity is high. This is accompanied by a decrease in metabolic heat production (4, 5) and an increase in peripheral vasodilation (42, 54) . The increase in heat loss that precedes sleep onset likely contributes to the induction of sleep (27) as this increase in peripheral temperature likely causes a drop in core and brain temperature that activates sleep-promoting temperature-sensitive hypothalamic neurons (34) . These changes are likely induced by both circadian-and sleep-related mechanisms (13, 18) .
Hypocretins are a pair of excitatory neuropeptides (hypocretin-1 and hypocretin-2, also referred to as orexin A and orexin B, respectively), exclusively expressed by a group of neurons in the lateral and perifornical hypothalamus (11) . The loss or dysfunction of hypocretin neurons results in the sleep disorder narcolepsy (30) , a significant sleep disorder characterized by cataplexy, excessive daytime sleepiness, and sleep fragmentation. Hypocretin neurons project profusely throughout the hypothalamus and into various brain areas, e.g., the median preoptic area, the neocortex, the lateral hypothalamus, the tuberomammillary nucleus, the periaqueductal gray, the ventral tegmental area, and the locus ceruleus, which are implicated in the control of sleep and wakefulness (57) , cardiovascular function (43, 49) , energy expenditure (32, 59) , and thermoregulation (3). The hypocretin system connects these diverse systems that have limited direct anatomic connections with one another.
Given the connections between the cardiovascular and the thermoregulatory systems with sleep behavior, and the possible role of hypocretins in integrating these various systems, the aim of our study was to better characterize the interrelationship between sleep, the cardiovascular system, and thermoregulation. We also hypothesized that the dysfunction of hypocretin neurons and the low hypocretin secreted levels would affect and change these interrelations. Role of hypocretin in such would be revealed.
METHODS
Sprague-Dawley orexin/ataxin-3 transgenic rats, expressing a truncated Machado-Joseph disease gene product (ataxin-3) with an expanded polyglutamine stretch specifically in hypocretin neurons (17) , were cross-bred with wild-type rats to create littermates that were either hemizygous (one copy of orexin/ataxin-3) or wild type. PCR with specific primers confirmed the presence of the ataxin transgene as appropriate. In orexin/ataxin-3 rats, there is a gradual and selective loss of hypocretin neurons as a result of a hypocretin promoter-driven accumulation of the cytotoxic gene product poly-Q-ataxin, such that at 5 wk, cerebrospinal fluid (CSF) hypocretin-1 concentrations are 70% of wild type and at 8 wk, concentrations are 20% of wild type as was reported in the same line of animals from our laboratory (58) . This is phenotypically similar to human narcolepsy, which is characterized by a near total loss of hypocretin-expressing neurons (39, 52) .
Male wild-type and transgenic littermates were housed at 23 Ϯ 1°C under a 12:12-h light:dark cycle. Water and food were given ad libitum. At the age of 6 -8 wk (220 -300 g), a transmitter (C50-PXT, Data Sciences, St. Paul, MN) capable of measuring blood pressure, electrocardiogram (ECG), core temperature, and locomotor activity was implanted in the abdominal cavity of each rat. During the surgical implantation, rats were anaesthetized with isoflurane (2%, in medicalgrade oxygen). The descending aorta was cannulated for monitoring of blood pressure. Two biopotential leads were connected to the thorax for ECG recordings. Four stainless steel screw electrodes were positioned in the skull to sit on the surface of the cortex and were used to record the electroencephalogram (EEG). Two miniature screw electrodes were inserted 2 mm on either side of the sagittal sinus and 3 mm anterior to bregma (frontal cortex). The other two screw electrodes were located 3 mm on either side of the sagittal sinus and 6 mm behind bregma (occipital cortex). To record muscle activity (electromyogram, EMG), two flexible multistranded wires were inserted in the nuchal muscles. The six electrodes (4 EEG, 2 EMG) were inserted into a plastic plug that was secured onto the skull using dental cement. After at least 1 wk of recovery, the rats were placed in the experimental cage. The electrodes were connected to a cable attached to a commutator allowing free movement. Another transmitter, capable of measuring skin temperature and locomotor activity (e-mitter, Minimitter, Bend, OR) and housed in a Plexiglas device, was placed outside the rat's tail, 2 cm from the tail base. The device was custom made, put on the rat tail, ϳ1 cm from tail base, according to previous publication (16) . It enabled the measurement of tail skin temperature, noninvasively, and isolated from the environment (16) . Rats were allowed to become accustomed with the environment and the equipment for at least 1 wk before the beginning of the recordings.
Signals from EEG and EMG were amplified (Grass, West Warwick, RI) and simultaneously recorded onto a computer (SleepSign, Kissei, Japan). Signals of core temperature, blood pressure, and ECG were transferred via receivers (RPC-1, Data Sciences) on the side of the cage to a computer using Dataquest A.R.T 4.1 software (Data Sciences). Data from tail temperature and locomotor activity were collected from separate receivers (ER, Minimitter) placed underneath the cage and transferred to a computer using VitalView software (Minimitter).
The data from EEG recordings were filtered at 50 Hz (low pass filter) and 0.5 Hz (high pass filter) using a Grass electroencephalograph and continuously sampled at 512 Hz. EEG and EMG recordings were manually scored on a computer (SleepSign, Kissei, Japan) in 5-s epochs for wake, NREM sleep, and REM sleep. This time epoch was chosen to increase the accuracy of the sleep scoring. Wake (W) was identified by the presence of desynchronized EEG and high EMG activity. NREM sleep consisted of high-amplitude slow waves together with an EMG tone low relative to W. REM sleep was identified by the presence of regular theta activity coupled with low EMG activity relative to NREM sleep.
The entire study was approved and conducted in accordance with the guidelines of Stanford's Administrative Panel on Laboratory Animal Care.
Analyses. Two-way ANOVA were used to compare the effect of different genotype and time on both composite (e.g., number of wake periods) and continuous (e.g., 24-h core temperature) variables, followed by post hoc Student's t-tests with Bonferroni correction as appropriate. Significance was set when the P value was less than ␣ ϭ 0.05. Other statistical tests are specified in the text.
To examine the changes that occurred at times of transitions between states of consciousness (e.g., between W and NREM), each transition (Ϯ at most 60 s of a continuous state) that occurred in each of six variables (core temperature, tail temperature, systolic blood pressure, diastolic blood pressure, pulse pressure, heart rate) was parsed. All available data were included in this analysis. A one-way ANOVA was used to determine if there was a significant effect of time on a given variable in a given transition (individual test ␣ ϭ 0.01, overall test ␣ ϭ 0.05, as adjusted for 5 comparisons per variable). In variables in which there was a significant effect of time at the transition, curve fitting was used to determine amplitude parameters. To account for time of day changes in baseline, data were transformed before fitting by determining change scores from baseline; baseline was calculated as the average (Յ60 s) of the leading state. As appropriate, data were fit either with a Gaussian
equation. In the Gaussian, y 0 is the baseline, xc is the x-coordinate of the midpoint of the peak, A is the amplitude of the peak, and w is the width of the peak at half-amplitude. In the Boltzmann, A 1 is the starting asymptote, A2 is the final asymptote, x0 is the x-coordinate of the midpoint of the linear portion of the curve, and dx is a power term for the steepness of the linear portion of the curve. The amplitude of change in the Boltzmann was calculated as A 2 Ϫ A1. For visualization, data from a single physiological variable were z-score transformed within transitions and then averaged within animal and then between rats of a single genotype. Curve-fitting procedures used the Levenberg-Marquardt algorithm to minimize error (OriginPro8, OriginLab, Northampton MA). Analyses of the baroreceptor-heart rate reflex sensitivity were done using the sequence technique (6, 51) . (Spontaneous beat-to-beat blood pressure fluctuations and their corresponding heart rate changes enable calculation of a reliable index of baroreceptor-heart rate reflex sensitivity in rat). Briefly, the HemoLab Software (ver. 9.0, available at http://www.haraldstauss.com/HemoLab/HemoLab.html) was used to identify sequences of three or more heart beats where systolic blood pressure increased and interbeat interval lengthened (so-called "up sequences") or where systolic blood pressure decreased and interbeat interval shortened (so-called "down sequences"). Baroreceptor-heart rate reflex sensitivity was defined as the slope of the relationship between changes in systolic blood pressure and changes in interbeat interval. Baroreflex engagement was determined by the number of sequences relative to the number of heart beats. All bouts of specific W or sleep states that lasted at least 120 s were selected for baroreflex analysis. and night. As expected, there were significant day/night differences in the duration, percent time, and bout length of wakefulness in both the wild type and transgenic rats. There was also a corresponding day/night difference in the amount and percent of NREM sleep in both genotypes. Additionally, the transgenic rats displayed fewer and shorter NREM bouts at night compared with the daytime. REM stages were significantly longer at night in the transgenic rats compared with their wild-type littermates. Another difference between genotypes was that the wild-type rats only entered REM sleep from NREM sleep, while the transgenic rats also experienced 1.92 Ϯ 0.6 direct transitions from W to REM sleep per 24 h, so called DREMs (14, 55) . These occurred equally during the day (0.92 Ϯ 0.3) and night (1.08 Ϯ 0.2) (P values Ͼ 0.1, Mann-Whitney).
Twenty-four hour pattern of physiological parameters. Variation over 24 h of core and skin temperatures, systolic and diastolic blood pressure, pulse pressure, heart rate, and locomotor activity are presented in Fig. 1 . In both control and transgenic rats, there was a significant effect of time of day on core body temperature, systolic and diastolic blood pressure, heart rate, and locomotor activity. Tail temperature and pulse pressure did not change significantly over the day. Although systolic and diastolic blood pressure, pulse pressure, core body and tail temperatures and locomotor activity tended to be lower in transgenic rats, compared with the wild-type rats, none of these effects were significant (0.1 Ͼ P values Ͼ 0.05).
Effects of sleep states on physiological parameters. We also analyzed the temperature and cardiovascular data for specific sleep (NREM, REM) and W [quiet wake (QW), active wake (AW)] states, irrespective of time of day (Fig. 2) . In the wild-type animals, core body temperature, systolic and diastolic blood pressure, and heart rate were significantly affected by the specific sleep/wake state, with core temperature, systolic and diastolic blood pressure, and heart rate all being low during both NREM and REM sleep, compared with quiet wake. All physiological parameters were similar in quiet wake and active wake. By further parsing the data according to day/night (Fig. 3) , we found that core temperature was significantly (P Ͻ 0.001) higher during each state (active wake, quiet wake, NREM, REM) when that state occurred at night then when that state occurred during the daytime. Heart rate was also significantly higher (P ϭ 0.03) during quiet wake, when that state occurred at night than when that state occurred during the daytime, but not active wake, NREM or REM, (Fig. 3) . This additive affect of the time of day likely represents the combination of the circadian (daily) rhythm and the immediate effects of sleep/activity and light/dark on core body temperature and heart rate. Although systolic and diastolic blood pressure showed state-specific variation (Fig. 2) , there was no additional contribution noted when the data were divided into epochs occurring during the day and night (Fig. 3) . In addition to lack of a time of day variation, tail temperature and pulse pressure were also not significantly different among the different sleep and wake states.
In the transgenic animals, core body temperature, diastolic blood pressure, heart rate, and pulse pressure were significantly affected by the specific sleep/wake state. Core body temperature, diastolic blood pressure, and heart rate were all lower in NREM compared with quiet wake. Heart rate was also lower in REM and active wake compared with quiet wake. Pulse pressure was higher in active wake compared with quiet wake. As with the wild-type rats, core temperature and heart rate were significantly (P Ͻ 0.05) higher during each state (active wake, quiet wake, NREM, REM) when that state occurred at night compared with when that state occurred during the daytime. In addition, diastolic blood pressure was significantly (P Ͻ 0.05) higher during the night time occurrences of active wake, quiet wake, and NREM, but significantly (P Ͻ 0.05) lower during the night time occurrence of REM. Systolic blood pressure during NREM and REM at night was significantly (P Ͻ 0.05) higher in NREM and lower in REM compared with that which occurred during NREM and REM during the day. Pulse pressure during active wake at night was significantly (P Ͻ 0.05) lower than during active wake during the day. Tail temperature was not significantly different among the different sleep and wake states.
In comparing the transgenic rats to their wild-type littermates, the transgenic rats had significantly lower systolic and diastolic blood pressure in all subdivided states (active wake, quiet wake, NREM, REM) (Fig. 2 ). There were no differences between the genotypes within the subdivided states for core body temperature, tail temperature, heart rate, or pulse pressure.
Transitions. We next examined changes in blood pressure, heart rate, and temperature during the transitions between different wake/sleep states, starting from 60 s before until 60 s after the transition, according to EEG and EMG scoring. There were no consistent changes in tail temperature, pulse pressure, or core temperature during any of the transitions in either of the genotypes (NREM to REM, NREM to W, REM to NREM, Fig. 1 . Measurements for 24 h of core body temperature (A), tail temperature (B), systolic and diastolic blood pressure (C), pulse pressure (D), heart rate (E), and locomotor activity (F). Each graph represents data collected from 8 rats in each group: wild type (WT; black) and transgenic (TG; gray). In C, systolic and diastolic blood pressure, respectively, are represented by closed diamonds and open rectangles (WT) or triangles and ϫ (TG). Data were collected every 10 s and averaged for every 2 h within, then between rats, and are presented as means Ϯ SE. Horizontal gray bar represents the time of darkness. Lights were on from 8 AM until 8 PM. bpm, beats/min. REM to W, or W to NREM; consistency defined as no more than one animal exhibiting a significant effect of time during the transition as determined by ANOVA). There were no consistent changes in any of the three aforementioned variables, as well as systolic blood pressure, diastolic blood pressure, and heart rate, in the direct transitions from W to REM or in the transitions from REM to NREM. In the transition from NREM to W, REM to W, and W to NREM, there were significant changes in systolic blood pressure, diastolic blood pressure, and heart rate (Fig. 4) . In the transition from NREM to REM, there were significant changes in systolic blood pressure and diastolic blood pressure, but not heart rate, although a clear trend in the same direction was seen (Fig. 4) . Given the temporal discrimination of our data, we are unable to , systolic (C) and diastolic (D) blood pressure, heart rate (E), and pulse pressure (F), in each wake/sleep state, in WT (black) and TG (gray) rats. Each bar represents an average of 6 -8 rats in specific wake/sleep stage: active wake (AW), quiet wake (QW), non-rapid eye movement sleep (NREM), and rapid eye movement sleep (REM). Data were collected over 48 h, averaged within, then between rats, and are presented as means Ϯ SE. *P Ͻ 0.05 vs. QW, #P Ͻ 0.05 vs. WT in the same sleep/wake state.
determine if the changes in systolic blood pressure, diastolic blood pressure, and heart rate preceded, followed, or occurred during the transition between EEG/EMG-defined states of consciousness. To determine the amplitude shift between states, we fit with either a sigmoid curve (Boltzmann) or a spike curve (Gaussian), as appropriate (Fig. 4) 
(see METHODS).
Between the two genotypes, we found no difference in amplitude shifts during the transitions (Ws Ͼ 10, Ps Ͼ 0.5, Wil- Fig. 3 . Core body temperature (A), tail temperature (B), systolic blood pressure (C), pulse pressure (D), heart rate (E), and locomotor activity (F) in each wake/sleep state, during the day (black) and during the night (gray) in WT rats. Each bar represents an average of 6 -8 rats in specific wake/sleep stage: AW, QW, NREM sleep, and REM sleep. Data were collected over 48 h, averaged within, then between rats, and are presented as means Ϯ SE. *P Ͻ 0.05 vs. QW, #P Ͻ 0.05 vs. day in the same sleep/wake state. coxon U-test). As such, for the following statistics, the two genotypes are combined. The transition from NREM to W was characterized by a sigmoid pattern that has a baseline plateau (NREM), a linear change, and a final plateau (W). In this transition, there was a 2.82 Ϯ 0.683 mmHg increase in systolic blood pressure, 2.27 Ϯ 0.536 mmHg increase in diastolic blood pressure, and 14.7 Ϯ 3.49 beats/min increase in heart rate. The transition back from W to NREM was also characterized by a sigmoid pattern. In this transition, there was a 1.06 Ϯ 0.649 mmHg decrease in systolic blood pressure, 1.88 Ϯ 0.743 mmHg decrease in diastolic blood pressure, and 16.0 Ϯ 5.38 beats/min decrease in heart rate. In the transition from NREM to REM, which was also sigmoidal, there was a 2.07 Ϯ 1.26 mmHg increase in systolic blood pressure and 2.16 Ϯ 1.23 mmHg increase in diastolic blood pressure. The change between REM and W was characterized by a spike of activity around the time of transition: a stable baseline followed by a sharp increase and an immediate sharp decrease back to the same stable baseline (Fig. 4) . Systolic blood pressure decreased 3.85 Ϯ 1.12 mmHg and diastolic blood pressure decreased 3.02 Ϯ 1.08 mmHg during the spike, but heart rate increased 16.9 Ϯ 4.98 beats/min. Thus, while the changes in blood pressure and heart rate both increased or both decreased during shifts between wake and NREM, the opposite occurred during shifts between REM and W, with blood pressure decreasing and heart rate increasing.
Baroreceptor-heart rate reflex. Baroreceptor-heart rate reflex (BRR) function was assessed by the sensitivity (or gain) and the engagement (relative number of sequences) of the reflex in wild-type and transgenic rats during each specific sleep/wake state. There was no difference in the gain or number of BRR sequences between the genotypes or among quiet wake, active wake, or NREM (Table 2 ). There was also no difference in the number of sequences in REM sleep compared with the other states or between genotypes (Table 2) . In wild-type rats, there was, however, a significant increase in the BRR gain in REM sleep compared with all other states (P Ͻ 0.05) or to the REM in the transgenic rats (P Ͻ 0.05). We then subdivided BRR into up (increase in blood pressure leads to a decrease in heart rate) and down (decrease in blood pressure leads to an increase in heart rate) sequences. In the down sequences, a change in the gain of BRR was again detected only in REM sleep (REM 2.8 Ϯ 0.2, P Ͻ 0.05; active wake 1.9 Ϯ 0.1, quiet wake 1.5 Ϯ 0.1, NREM 1.7 Ϯ 0.1, Ps Ͼ 0.05). In the up sequences, there were no differences in gain between the different states of sleep and W (REM 2.0 Ϯ 0.2, P Ͻ 0.05; active wake 1.7 Ϯ 0.1, quiet wake 1.9 Ϯ 0.5, NREM 1.9 Ϯ 0.1, Ps Ͼ 0.05). The transgenic rats have the same gain value in up and down sequences in REM sleep, as well as in other states.
DISCUSSION
By simultaneously monitoring multiple physiological parameters in conscious rats, we attempted to tease apart the Fig. 4 . Patterns of systolic and diastolic blood pressure and heart rate occurring during transitions between sleep/wake states are presented. Data were z-score transformed within rats and then averaged between rats (6 -8 rats/group) and are shown as means Ϯ SE for the WT (black) and TG (gray) rats. Data from 60 s before until 60 s after transition point are shown. direct and indirect effects of sleep, as well as find the manner in which the hypocretin peptides might influence sleep-associated changes in cardiovascular regulation.
We hypothesized that hypocretin is involved in the connections between sleep, the cardiovascular system, and the thermoregulatory system. Indeed we found that the loss of hypocretin led to modifications in blood pressure in different sleep/ wake states.
As expected, we observed a diurnal variation in core temperature, systolic and diastolic blood pressure, heart rate, and locomotor activity in both genotypes. Neither tail temperature nor pulse pressure covaried with the 24-h cycle. Surprisingly, there were relatively few differences in the sleep parameters of the two genotypes, despite the partial loss of hypocretin neurons in the transgenic rats (58) . Previous studies of these rats have used either 20-s (7) or 12-s (59) intervals in which sleep and wake were scored; the present study used 5-s intervals, since we thought that the shorter the bout is, the more accurate the scoring is. Beuckmann et al. (7) report significant changes in several parameters of REM sleep and an increased fragmentation of sleep and W; Zhang et al. (59) reported fewer alterations of REM and no change in fragmentation. In our study, besides the presence of direct transitions from wake to REM, a pathognomonic hallmark of hypocretin neuron loss that was also observed in the two previous studies, we identified only a single difference between the genotypes (mean time per REM sleep episode during the night). It is likely that the dichotomy in the data reported in our manuscript and the previous two publications is due to the variation in the time window used to score sleep. A longer scoring window would subsume short episodes of REM into other episodes and, thereby, give the impression of less REM sleep. Previous studies (59) show that there is a significant shift to shorter sleep episodes in the orexin/ataxin-3 transgenic rats compared with their wild-type littermates; we observe a similar shift to an increase in the number of short REM sleep episodes in the transgenic rats (data not shown). We believe that the fact that we scored shorter bouts made our results more accurate. These observations are also consistent with the idea that the loss of hypocretin neurons leads to a change in the length of discrete sleep episodes, not a change in the amount of sleep or W. It, furthermore, agrees with the hypothesis that blocking hypocretin signaling only increases REM during the active (night) portion of the diurnal cycle, as was found using a microinjection of short interfering RNAs (siRNA) targeting preproorexin mRNA into the rat perifornical hypothalamus (10) . In this study, as in ours, wakefulness and NREM sleep were unaffected.
Our findings over the 24 h confirm two independent regulatory systems of the cardiovascular and thermoregulatory systems: a diurnal effect and a direct sleep/wake effect. We find additive effects between sleep/wake and a diurnal pattern in core temperature and heart rate data. In contrast, our data have showed only a direct effect of sleep/wake, without any independent diurnal contribution, in systolic and diastolic blood pressure. This effect should be further studied using other direct methods to confirm the implication that blood pressure is controlled by sleep/wake state and not the circadian clock. The additive effects of time of day and sleep/wake on core temperature is consistent with results derived from human forced desynchrony studies that show independent sleep/wake and circadian influences on this parameter (8) . The effects of sleep on heart rate have been extensively described in the human literature (38) , although a circadian contribution has been less well studied (19) . The influence of behavior, including sleep/wake, on blood pressure regulation is well established but the contribution of a circadian component is less so (41) . It has been suggested that the loss of rhythmic variation of blood pressure regulation in suprachiasmatic nucleus (SCN, the location of the circadian pacemaker in mammals)-lesioned rats is evidence for an endogenous component to blood pressure regulation. However, the ablation of the SCN is also accompanied by a loss of rhythmic behavior so if the behavior is causing the blood pressure variation, it is not unexpected that there is a loss of daily variation in blood pressure (20, 55) . Our data, however, would argue against a significant circadian component to blood pressure modulation. Using a forced desynchrony technique in humans would be one way to disentangle the contribution of behavior and endogenous circadian regulation of blood pressure and this remains to be done in humans.
The loss of hypocretin neurons did not appear to affect the diurnal or direct sleep/wake regulation of core body or tail temperature, heart rate, or pulse pressure. It did, however, have a significant impact on blood pressure regulation such that the loss of hypocretin neurons in the transgenic rats was associated with a lower systolic and diastolic blood pressure in all four of our subdivided states (active and quiet wake, NREM and REM sleep). In addition to the effect of sleep, the division to active and quiet wake was done to abolish the effect of locomotor activity on the examined parameter. As locomotor activity is generally lower in transgenic rats, this could have affect blood Data are presented as means Ϯ SE. AW, active wake; QW, quiet wake; BRR, baroreceptor-heart rate reflex. Up seq and Down seq refer, respectively, to sequences of 3 or more heart beats where systolic blood pressure increased and interbeat interval lengthened (so-called "up sequences") or where systolic blood pressure decreased and interbeat interval shortened (so-called "down sequences"). *P Ͻ 0.05 vs. WT. †P Ͻ 0.05 vs. all other states of consciousness.
pressure, as well as other parameters. The lower blood pressure found here is in agreement with the observation that central application of hypocretin-1 or -2 can augment sympathetic outflow and systemic arterial pressure in anesthetized rats (33, 49) . Furthermore, preprohypocretin knockout mice have a lower baseline arterial pressure (23) . It appears, therefore, that hypocretin neurons are necessary in rodents for the normal expression of blood pressure across both sleep and W and that the lack of such input results in lower systemic blood pressure. The effect of hypocretin on the cardiovascular system can derive from several possible pathways. It may be related to its effect on the sympathetic nerve system, as was previously reported (49) . It may also evolve from hypocretin effect on the hypothalamic-pituitary-adrenal axis that was also previously reported, either direct effect on the adrenal to produce catecholamines, or central effect in the hypothalamus. In accordance, the change in hypocretin-1 release in narcoleptic patients was hypothesized to affect their sympathetic activity and blood pressure (44) . A comprehensive study on this subject was not published so far, presumably since most narcolepsy patients are treated with sympathomimetic drugs.
Transitions between specific sleep/wake states are important regulatory phases. They may influence on the occurrence probability of the upcoming state or to be an external expression of underlying mechanisms or modifications that leads to the change of sleep state. If changes are detected in specific transition between sleep/wake states, it may be related to changes in this state prevalence during the day and in total sleep behavior. Transitions between sleep/wake states were accompanied by reproducible changes in blood pressure and heart rate in both genotypes. In transitions from NREM sleep to W, heart rate increased as did systolic and diastolic blood pressure (Fig. 4) . In transitions from W to NREM sleep, there was a decrease in both heart rate and systolic and diastolic blood pressure (Fig. 4) . These changes were likely secondary to the decreased sympathetic and increased parasympathetic tones present in NREM sleep, compared with W. This would also explain the increase in heart rate and systolic and diastolic blood pressure in the transition from NREM to REM, as there is decreased sympathetic and increased parasympathetic tone in NREM sleep compared with REM sleep. During the transition from REM sleep to W, however, there is an upward spike in heart rate and a downward spike in both systolic and diastolic blood pressure (Fig. 4) . The drop in blood pressure accompanied by an increase in heart rate is likely the consequence of the baroreceptor reflex. The gain of the down sequences (the amount heart rate increases in response to a drop in blood pressure) is elevated during REM sleep compared with both wake and NREM, while the number of times the reflex is invoked is similar between quiet wake, active wake, NREM sleep, and REM sleep ( Table 2) .
In humans, the diurnal rhythm of distal skin temperature precedes that of core body temperature by about 2 h. Kräuchi et al. (25) have hypothesized that, in humans, increases in peripheral heat loss lead to changes in core and brain temperature that are causal or permissive for sleep onset mechanisms. Previous results on thermoregulation in rats suggested that rats are able to actively regulate core temperature by changing vascular resistance in the tail artery (increased resistance leading to less heat loss, and vice versa) (15, 56) . Previous studies also showed the effect of sleep on tail temperature, as depending on environmental temperature (1). Our results, however, were different from what has previously been reported. Tail temperature in the rats did not demonstrate a significant diurnal rhythmic pattern, although the pattern looks similar to what was previously reported in humans by Kräuchi et al. (26) and using a greater number of animals it might have been significant. Our results, however, indicate that heat transfer through the tail is not a major factor in the diurnal regulation of basal (i.e., not challenged by exercise or changes in environmental temperature) core body temperature in rats. Our results also indicate that heat transfer through the tail is not a consequential factor in the sleep state-related changed in core temperature. Zhang et al. (59) showed in mice that energy expenditure and respiratory quotient are significantly changed with time of day and correlate with the diurnal pattern of core body temperature. Given the lack of diurnal variation in tail temperature and the presence of a diurnal variation in core temperature, the most parsimonious explanation would be that, in rats, changes in heat production have a dominant role in the regulation of the observed circadian and diurnal rhythms of core body temperature.
As was reported from our lab, using the same line of rats, the orexin/ataxin-3 transgenic rats lose their hypocretin-producing neurons with age such that at 8 wk, CSF hypocretin-1 concentrations are 20% of wild type (58) . While reduced, these hypocretin neurons can still be activated in response to various stimuli, e.g., sleep deprivation (58) . While this model displays an incomplete loss of hypocretin-containing neurons, it may still be a valid model of human narcolepsy. Human narcolepsy is characterized by lumbar CSF hypocretin-1 concentrations Ͻ110 pg/ml (35) or Ͻ30% of normal levels (31) . Many (ϳ25%) individuals with narcolepsy in fact have low, but detectable, amounts of lumbar CSF hypocretin-1 (35) . Thus, while not modeling a total absence of hypocretin neurons, we believe that the orexin/ataxin-3 rats are an adequate model of human narcolepsy.
In conclusion, by simultaneously recording multiple physiological signals, we were able to examine the interrelationship of different systems that are all affected by or affect sleep. We demonstrate that hypocretins are likely involved in the enhancement of blood pressure and regulated autonomic control. We also show that there is a strong sleep/wake modulation of blood pressure and a relative absence of a circadian component (i.e., the diurnal rhythm in blood pressure in rats is likely caused by the diurnal distribution of sleep and wake and not an underlying, direct circadian modulation of blood pressure). Our data also implicate the modulation of metabolic activity, rather than heat loss through tail anastamoses, as the mechanism responsible for the daily variation in core body temperature in rats.
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